ABSTRACT Two sibling species of tephritid fruit fly, Bactrocera tryoni and Bactrocera neohumeralis, are differentiated by their time of mating, which is genetically determined and requires interactions between the endogenous circadian clock and light intensity. The cryptochrome (cry) gene, a light-sensitive component of the circadian clock, was isolated in the two Bactrocera species. The putative amino acid sequence is identical in the two species. In the brain, in situ hybridization showed that cry is expressed in the lateral and dorsal regions of the central brain where PER immunostaining was also observed and in a peripheral cell cluster of the antennal lobes. Levels of cry mRNA were analyzed in whole head, brain, and antennae. In whole head, cry is abundantly and constantly expressed. However, in brain and antennae the transcript cycles in abundance, with higher levels during the day than at night, and cry transcripts are more abundant in the brain and antennae of B. neohumeralis than in that of B. tryoni. Strikingly, these results are duplicated in hybrid lines, generated by rare mating between B. tryoni and B. neohumeralis and then selected on the basis of mating time, suggesting a role for the cry gene in the mating isolation mechanism that differentiates the species.
R EPRODUCTIVE isolation based on time of mating
only two single-nucleotide changes plus one trinucleotide indel in the ribosomal ITS 2 sequence (Morrow et al. is a feature that prevents gene flow between species 2000) and by differences in the frequency of some polyin sympatry. The possible role of clock genes in setting morphic microsatellite alleles . No the time of mating is therefore of interest to questions fixed amino acid difference has been found in any gene of sympatric speciation. The clock genes period (per) and tested to date and shared polymorphisms in coding and timeless (tim) control the circadian rhythms of female noncoding regions are common (Raphael et al. 2004) . mating activity in the model organism, Drosophila melano-
The very low level of genetic differentiation suggests gaster (Sakai and Ishida 2001) . Moreover, gene transfer that the sibling Bactrocera species are defined, not by experiments implicate per in the species-specific behavwidespread small differences throughout the genome, iors of locomotor activity, love song rhythms, and time but by differences in the genes that determine the matof mating (Petersen et al. 1988; Wheeler et al. 1991;  ing isolation mechanism. Tauber et al. 2003) . Populations of the melon fly, Bac-B. tryoni and B. neohumeralis are reproductively isolated trocera cucurbitae, showing differences in mating time, by time of mating: B. tryoni mates at dusk, in a narrow also show differences in circadian fluctuations of per window of optimal light intensity (Tychsen and Fletcher mRNA (Miyatake et al. 2002) .
1971), whereas B. neohumeralis mates during the day Two Australian tephritid fruit flies provide an opporin bright light (Smith 1979a) . Hybrids resulting from tunity to study the molecular basis of a difference in mating forced mating between the two species are viable and time. The sibling species, B. tryoni and B. neohumeralis, fertile (Smith 1979a; Meats et al. 2003) . A color differoccur sympatrically along the east coast of Queensland, ence of the humeral calli (yellow in B. tryoni, brown with the range of B. neohumeralis contained entirely within in B. neohumeralis) also differentiates the species and the larger range of B. tryoni. Genetically, the two species segregates with mating time in hybrid lines selected for are very closely related. In terms of DNA sequences day or dusk mating (Meats et al. 2003) . tested, B. tryoni and B. neohumeralis are differentiated by
The daily rhythm of mating activity in the flies is controlled by the endogenous circadian clock (Tychsen and Fletcher 1971) . The mating time difference 1 Present address: Centenary Institute of Cancer Medicine and Cell was found to have a genetic basis by a study of the Biology, Locked Bag No. 6, Newtown, NSW 2042, Australia. segregation of behavioral differences in hybrids (Smith 2 Corresponding author: School of Biological Sciences, A12, University of Sydney, NSW 2006, Australia. E-mail: kathier@bio.usyd.edu.au dian clock and light intensity. Consequently, the genes the visual system for these cells (Stanewsky et al. 1998) . Thus, CRY plays a major role in entrainment of the involved in circadian regulation and light response are possible candidates for species differentiation. The per Drosophila clock to light-dark cycles (Emery et al. 1998 (Emery et al. , 2000 , although a photoreceptor-independent role for homolog has been isolated from B. tryoni and B. neohumeralis , but sequence comparisons have CRY has been suggested in the periphery (Krishnan et al. 2001 ). revealed no difference in the putative amino acid sequence. The mRNA expression profiles of per in the two From studies in Drosophila and other organisms, the response to blue light is strongly dependent on the Bactrocera species are identical and closely follow the Drosophila pattern, in which maximum levels of expresconcentration of CRY protein (Lin et al. 1998; Emery et al. 2000) . CRY overexpression in Drosophila results sion occur during the first 4 hr of the dark phase and are maintained for 5-8 hr and expression falls to minimum in behavioral hypersensitivity to light of low intensities (Emery et al. 1998) . Since B. tryoni mates at dusk, when levels at the end of the dark phase (Hardin et al. 1990; . These results suggest that the compoblue light predominates, we hypothesized that cry may have a role in the mechanism mediating the effect of nents of the central pacemaker operate in a similar way in the two species and in Drosophila.
light intensity on mating behavior. Therefore, we have characterized the cry homolog in B. tryoni and B. neohuEntrainment of the endogenous clock to the external day-night cycle enables the organism to coordinate its meralis and studied its expression in whole head, brain, and antennae. We find that the level of cry transcript is activities with the external world, with light the major stimulus that sets the clock at each dawn and dusk.
significantly higher in the brain and antennae of B. neohumeralis compared with B. tryoni and that this differIn Drosophila, multiple pathways contribute to photoentrainment of the clock: the compound eyes, an exence is regenerated in hybrid lines of the two species, selected for early and late mating time. traocular pathway, and the blue-light photoreceptor cryptochrome (Helfrich-Forster et al. 2001 2000) , believed to be the central pacemaker for ence was observed in the F 1 of the reciprocal crosses. The F 1 behavioral rhythms. Expression has also been moniprogeny were combined for the selection experiment. The F 2 tored in peripheral tissues such as the Malpighian tushowed mating time variation, and selection was started at this bules (Ivanchenko et al. 2001) . In Drosophila, the cry b point. On emergence, sexes were segregated until they were mutation blocks molecular cycling of the other circamature. The selection procedure included a filter whereby the day-mating flies were removed before dusk-mating pairs dian components, PER and TIM, in peripheral tissues were used to start the next generation and vice versa for in light-dark cycles, but PER/TIM molecular cycling is the selection of the day-mating line. After 6-8 generations of present in the central pacemaker cells (LNs) of the selection, the lines were stable (Meats et al. 2003). brain (Stanewsky et al. 1998 ery (Emery et al. 2000) , but the normal cycling of PER/ for 4 min; hold at 72Њ while the Tth enzyme mixture is added; and then 1 cycle of 46Њ for 1 min and 72Њ for 2 min; 1 cycle TIM in the LNs of cry b flies suggests light input from of 94Њ for 45 sec, 50Њ for 1 min, 72Њ for 2 min; and then 28 Real-time PCR and quantification of cry expression: A time series of fly-head cDNA samples were obtained as previously cycles of 93Њ for 30 sec, 56Њ for 45 sec, 72Њ for 1 min; and final extension at 72Њ for 5 min. Diluted PCR product (1 l of 1:50 described . Relative quantitative PCR was achieved using primers cryF1 and ECR, spanning a 56-bp dilution) was used as template for the second-round PCR. The cycling conditions were 1 cycle of 94Њ for 2 min, 60Њ for 1 min, intron (Figure 1 ), and double-strand DNA-binding fluorescent dye SYBR Green I (Molecular Probes, Eugene, OR). Each 20-72Њ for 1 min; 1 cycle of 94Њ for 1 min, 58Њ for 1 min, 72Њ for 1 min; the annealing temperature reduces by 2Њ for each l reaction contained 2 mm MgCl 2 , 0.2 mm dNTP, 1ϫ PCR buffer, 0.5 m each primer, SYRB Green I (2ϫ concentrate, following cycle until it reaches 46Њ; and then 25 cycles of 93Њ for 1 min, 46Њ for 1 min, 72Њ for 1 min; and final extension the stock is 10,000ϫ concentrate in DMSO), and cDNA temat 72Њ for 5 min. The amplified DNA fragments were purified plate. No-template controls were run to check for contaminausing the GeneClean kit (GeneWorks) and then subcloned tion and determine the level of primer dimer formation. Aminto EcoRV/ddT-tailed pBluescript vector (Marchuk et al. plification was performed in 0.2-ml tubes on a Rotor Gene 1991), followed by sequencing with the ABI Automated DNA 2000 real-time PCR machine (Corbett Research) supported sequencer. The sequence revealed that the fragments from by software Rotor-Gene 4.4. PCR parameters were an initial both B. neohumeralis and B. tryoni were homologs of cry . For denature at 94Њ for 120 sec, followed by 40 cycles of 93Њ for 3Ј rapid amplification of cDNA ends (RACE; Frohman 1994), 20 sec, 60Њ for 30 sec, and 72Њ for 45 sec. Fluorescence data forward primers (cryF1 and cryF2) were generated from the were acquired using a low gain at 80Њ, where only specific 3Ј end of the cloned sequence. Total RNA (0.2-1.0 g) from products were assumed to be present. A melting analysis on fly heads was reverse transcribed using Superscript III reverse resulting PCR products supported this for all samples meatranscriptase (Invitrogen, Carlsbad, CA) and poly(dT)-adapter sured. In addition, PCR products were run on 1.5% agarose primer in a 20-l volume as recommended by the manufacgels to confirm that the correct band sizes were present without turer. The first RACE-PCR, including 25 pmol cryF1 and 1/20 additional bands. Levels of cry cDNA were expressed relative of the cDNA, was carried out as follows: 94Њ for 3 min; hold to kanamycin cDNA controls in the same samples. at 72Њ while the Tth plus is added; and then 1 cycle of 56Њ for Statistical analysis: A two-factor ANOVA was carried out, in 1 min and 72Њ for 2 min; 30 cycles of 94Њ for 40 sec, 56Њ for which the two factors were: (1) time of day (morning vs. night 1 min, 72Њ for 2 min; and final extension at 72Њ for 5 min. expression) and (2) expression between species (B. neohumerThe nested RACE-PCR was carried out by the same procedure, alis vs. B. tryoni). The model tested here is one in which using a 1-l aliquot of the 1:50 diluted first-round PCR product individual values are of the form y ij ϭ mean ϩ D i ϩ G j ϩ D ϫ as template with adapter RACE primer (Frohman 1994) and G ij ϩ error, where D i represents the time of day (i ϭ 1, 2), cryF2. PCR products were examined on 1% agarose gels. Spe-G j represents the effect of genotype or species in this case cific products were purified and subcloned into pBluescript ( j ϭ 1, 2), and D ϫ G ij represents the interaction. for sequence analysis.
The same analysis was then carried out for the selected To isolate the 5Ј end of the gene, degenerate primer DF2 lines, in which the genotypes or "species" are actually hybrid (GTNATHTGGTTYMGRCAYGG) was designed correspondlines selected for B. tryoni and B. neohumeralis mating behavior, ing to the beginning of CRY translation in other species. PCR respectively. The model is the same in this case. was conducted with the degenerate primer and a nested pair A combined ANOVA can be given involving all four genoof nondegenerate reverse primers (cryR1 and cryR2). A 710-types G j ( j ϭ 1, 4). It is then convenient to further break bp fragment was amplified and further sequencing revealed down the G j component into S k ϩ T l ϩ S ϫ T kl , where S k is it to extend from nucleotide 405 to 1115. 5Ј RACE (Frohman the "species" (k ϭ 1, 2), and T l (l ϭ 1, 2) represents the 1994) was then used to obtain the very 5Ј end of the cry type, pure species vs. hybrid line. The comparison between transcript. The initial reverse transcription was conducted with genotypes, having three degrees of freedom, is therefore recryR2 and then first round PCR was conducted with primer solved into three comparisons each with one degree of freecryR3 and second round PCR was conducted with nested primer dom. Any significant interaction term D ϫ G ij may be broken cryR4 (Figure 1 ). Since the Bactrocera genome is relatively A ϩ down in a similar way. The combined analysis is then effectively T rich, a poly(G) adapter primer was used in this approach. The a three-factor ANOVA, allowing both sets of data to be anareaction conditions were the same as for 3Ј RACE. Inverse PCR lyzed together and simultaneously allowing a comparison beon genomic DNA revealed the splicing site of intron 1. The tween pure species and hybrid lines. Results are reported in restriction site used in this approach was HincII (Figure 1) . Table 1 .
Samples of B. tryoni and B. neohumeralis were processed side
Immunostaining : Fresh dissected fly heads were soaked in by side. The sequence alignment of cry from the two species OCT mountant (BDH) for 10 min before being frozen in a was done in Sequencher 3.1.1. Bioinformatic analyses were cryostat. Sections (10-12 m) were cut at Ϫ18Њ and placed performed via Biomanager (http:/ /biomanager.angis.org.au).
onto gelatinized slides. After drying at room temperature for From the cry DNA sequence, the open reading frame was identi-1 hr, the sections were fixed in 4% paraformaldehyde for 2 fied and translated into amino acid sequence by the GCG Map hr at room temperature. After three washes in PBT (PBS, 0.1% program. The percentage identities between different protein Triton 100), the sections were preincubated with blocking sequences were scored by the GCG Bestfit program. The comsolution (PBS, 2.5% normal goat serum, 5% BSA, 0.1% Triton parison of Bactrocera CRY and CRYs from other species were 100) at room temperature for 1 hr and then incubated with conducted by using Clustalw (accurate).
rabbit anti-PER antibody (raised against the D. melanogaster Tissue dissection and the generation of cDNA : Flies of the PER protein, gift from J. Hall, Brandeis University) 1:500 disame age and size were sampled at 09:30 and 23:00 by snap luted in blocking solution at 4Њ overnight. The sections were freezing. For each sample, six fly brains and six pairs of antenrinsed in PBT (six times, 10 min each) and incubated with nae were dissected in PBS buffer with RNase-free instruments Cy3-conjugated anti-rabbit IgG in blocking solution for 2 hr and each tissue was transferred into Trizol containing 10 ng at room temperature. After washing in PBS, the sections were kanamycin RNA. A standard Trizol RNA extraction protocol was mounted in mounting media (Vector, Burlingame, CA). employed, according to the manufacturer's protocol (InvitroTwenty flies were sampled at 09:00, 16:00, and 23:00. gen). Glycogen (20 g) was added to each sample to improve
In situ hybridization: The cry RNA probes used in this study the precipitation of RNA. Half of each RNA extract was reverse correspond to nucleotides from 994 to 1860. Antisense and transcribed using Superscript III (Invitrogen) according to the manufacturer's protocol.
sense RNA probes were synthesized using Ambion's MEGA script II in vitro transcription kit, in the presence of digoxigeninthe CRY protein sequences from B. tryoni and B. neohu-UTP for labeling (Morris et al. 2004) . et al. 1999) , reaching a peak 4-6 hr after lights on and a trough 4-6 hr after dark. In the head coding region and 5Ј-UTR are 54.60 and 58.50% A ϩ T, respectively. CRY belongs to the cryptochrome/phoof Bactrocera flies, semiquantitative reverse-transcriptase (RT)-PCR indicated abundant and constant expression tolyase protein family, so we compared the putative amino acid sequence of Bactrocera CRY with CRY from other of cry throughout a 24-hr period relative to the kanamycin reference RNA (data not shown). These samples insects (vinegar fly D. melanogaster, silk moth A. pernyi) and 6-4 photolyase from D. melanogaster. The Bactrocera had been used in an earlier study that showed diurnal cycling of per expression . Subsequently, protein shows only 41.3% identity with Drosophila 6-4 photolyase, but shares 73.4% identity with Drosophila a real-time PCR strategy was employed using two series of samples collected independently (Figure 3 ). Real-CRY, allowing us to conclude that the isolated cDNA is much more likely to encode CRY than a member of the time PCR amplifications of both the kanamycin control and a per cDNA fragment were performed along with photolyase family. Bactrocera CRY shares 57.4% amino acid identity with CRY from the silk moth A. pernyi and the cry amplifications. Statistical tests (ANOVA) showed no difference in cry expression levels between different 41.8 and 42.8% identity with mCRY1 and mCRY2 from mouse. Alignment of the Bactrocera CRY sequence with time points. The expression profile of both genes is identical between B. neohumeralis and B. tryoni, as are CRYs from other organisms (Figure 2) shows the high similarity among CRY proteins and the conservation of male and female head samples. Bactrocera cry appears to be abundantly expressed in the fly head. It is present cofactor binding sites, including 5, 10-methenyltetrahydrofolate (MTHF), FAD, and cyclobutane pyrimidine at nearly 10-fold of the peak level of the per transcript. The constant high levels of cry transcript in the whole dimer (CPD) binding sites. The aspartic acid residue involved in flavin binding at position 429 (Figure 2) head would mask any diurnal fluctuation in specific areas of the fly brain or other head tissues. Therefore, that is mutated in the cry b mutant of Drosophila (Stanewsky et al. 1998 ) is conserved in all CRY proteins. In we identified regions of the Bactrocera brain potentially involved in central pacemaker activity and examined cry agreement with the analysis of Drosophila CRY (Emery et al. 1998) , the MTHF binding sites are less conserved expression in dissected tissues from the head.
PER expression reveals putative central clock cells in than the binding sites of the other two cofactors.
No fixed amino acid difference was detected between Bactrocera brain: To identify central pacemaker cells, we used anti-PER antibody generated against Drosophmatches that of the so-called lateral neurons, which have proved to be the central circadian pacemakers in Droila PER (see materials and methods) to stain Bactrocera adult brain sections. A group of cells in the lateral sophila (Kaneko and Hall 2000) . There are also some signals in the dorsal region of the brain ( Figure 4C ). area were labeled ( Figure 4A ). The position of the cells more intense than those in the dorsal region. The cells expressing cry in the lateral and dorsal areas of the Bactrocera brain are close to or coincident with the PER positive cells, which similarly showed stronger immunohistochemical staining in the lateral area than in the dorsal region. In the lateral area, cells with both large and small cell bodies expressed cry mRNA ( Figure  5 , A and C). We discovered that cry is also expressed in the antennal lobes of the Bactrocera brain. Rather than staining the whole antennal lobe, the signals are concentrated on cell clusters at the periphery of both antennal lobes ( Figure 5 , A and C). Like the lateral area, the signal in the antennal lobes is denser and more striking than that in the dorsal region. The location of the cryexpressing cells in the brain did not differ between male and female or between B. neohumeralis and B. tryoni. In several brains with some attached retinal tissue, hybridization in the retina was observed with both sense and antisense probes (not shown); hence, the signal in retina was regarded as false positive. Levels of cry transcript differ in the antennae and or dusk-mating time (see materials and methods) to test whether any variation in expression level is related to the mating time difference. The cDNA samples generObvious staining was detected in the medulla of the ated from brain tissue were tested by real-time PCR optic lobes ( Figure 4D ). These are likely to be glial cells, using ECF and ECR primers. The PCR was repeated three which were also found to express PER in Drosophila times for each sample. Data are shown in Figure 6A .
(Stanewsky 2002). The signal is weaker in the dorsal
The results show that the cry transcript is more abundant region of the Bactrocera brain than in the lateral area.
in the morning than at night and slightly more abunThe staining in the lateral cell cluster is dense, but with dant in B. neohumeralis compared to B. tryoni. Moreover, tissue sections it is difficult to count the number of cells.
both differences are duplicated in the day-and duskThe intensity of PER staining in all three brain areasmating hybrids ( Figure 6A ). lateral area, optic lobes, and dorsal region-shows diurAs described in materials and methods, the data nal oscillation. Expression peaks at night, is lower in for cry expression in the brain of pure species and hybrid the morning, and reaches a trough in the afternoon lines were initially analyzed separately. The similarity of (Figure 4, A, B, D , and E). The PER expression profile results suggested the possibility of a joint analysis, which is similar to that of Drosophila and is consistent with is shown in Table 1A . Time of day for cry expression is the per mRNA expression tested previously . highly significant. The comparison among the four genoThe localized expression of PER is not sex specific and types, B. tryoni, B. neohumeralis, and hybrid lines selected no difference was found between B. neohumeralis and B.
for B. tryoni and B. neohumeralis mating behavior, respectryoni. The three groups of PER positive cells are located tively, is also significant, but at a lower level. A further in the candidate regions involved in pacemaking probreakdown (Table 1A , lines 2a and 2b) shows that this cesses of the brain.
significance is attributable to the "species" difference The cry transcript is expressed in the lateral area, rather than to the difference between pure species and antennal lobes, and dorsal region of the brain: As shown hybrid lines. in Figure 5 , whole-mount in situ hybridization with antiBactrocera cry transcript was detected in the antennal sense cry probe revealed signals in the lateral area and lobe of the brain by in situ hybridization. Subsequently, dorsal region of the brain. However, the staining is not RT-PCR revealed its presence in antennal tissue. The level of cry mRNA in the antennae was then analyzed evenly distributed. The signals in the lateral area are by real-time PCR as described above at 09:30 and 23:00. 6B). ANOVA on the combined data yielded a P-value of 0.002 for "species" and Ͻ0.001 for time of day of As for the brain, the cry transcript is more abundant in the morning than at night for both the pure species cry expression, indicating the high significance of both aspects of the results, and there was no significant interand the day/dusk hybrids ( Figure 6B) . Furthermore, the level of transcript is higher in the antennae of B.
action between factors (Table 1B) . Our results show that cry expression in the dusk-mating line behaves like neohumeralis and the day-mating hybrids than in B. tryoni and the dusk-mating hybrids at both time points ( Figure  B . tryoni cry, while cry expression in the day-mating line is very similar to B. neohumeralis cry and indicates that capacity to generate hybrid lines that reproduce the mating isolation behavior (Meats et al. 2003) . Since cry transcription is associated with the mating time difference in the Bactrocera species.
time of mating is a circadian behavior that is modulated by light intensity (Tychsen and Fletcher 1971; Smith 1979a) , components of the central circadian pacemaker DISCUSSION are strong candidates for a causative role in the mating isolation mechanism. A previous study The sibling species B. tryoni and B. neohumeralis constitute an ideal model system to study the molecular mechreported the isolation of the per gene in the two Bactrocera species, but failed to find any difference in amino anisms of behavioral differences that contribute to speciation and the maintenance of species integrity. Features acid sequence, expression level, or diurnal cycling phase.
In this study we report that isolation of the cry gene in of the model are: the extreme genetic similarity of the pair of sibling species that occur in sympatry, the exis-B. tryoni and B. neohumeralis has revealed no difference in amino acid sequence of the putative CRY protein in tence of a clear, genetically determined behavior that confers premating isolation on the two species, and the the two species, but has revealed a difference in gene regulation, which may function in the mating isolation Diurnal oscillation of the cry transcript: Circadian genes in all organisms studied to date are regulated by mechanism that maintains species identity.
The cryptochrome gene in Bactrocera: The cry gene a negative feedback loop. As for most of the circadian genes, cry mRNA oscillates in the head of Drosophila belongs to the crptochrome/photolyase gene family, and cry is expressed abundantly throughout the head with a fivefold amplitude (Emery et al. 1998) . A fourfold amplitude, with a cycling phase similar to that of Droand body of Drosophila where it entrains cell autonomous circadian clocks. Its primary function, however, sophila cry, is observed for mcry1 mRNA in the suprachiasmatic nuclei of mouse (Miyamoto and Sancar 1998) . is probably to entrain the central pacemaker, located in the lateral neurons of the fly brain (Stanewsky et However, in Bactrocera, a constant high level of cry expression in whole head masked diurnal cycling of al. Emery et al. 2000) . Drosophila 6-4 photolyase is very abundant in the ovary but hardly detectable in mRNA abundance in specific head tissues. A similar lack of cycling has been reported in adult head of the flesh the head (Todo et al. 1996) . The cry genes from Bactrocera were isolated from male head cDNA, but are also fly Sarcophaga crassipalpis (Goto and Denlinger 2002) . Diurnal cycling of cry transcripts was revealed in disexpressed throughout the body (data not shown). The putative amino acid sequence shows a much higher sected whole brain of B. tryoni and B. neohumeralis, but the structures of the Bactrocera head that showed most similarity to Drosophila CRY (73.4%) than to Drosophila 6-4 photolyase (41.3%), confirming that the isolation pronounced diurnal cycling were the antennae. Consistent with features of the cry oscillation in Drosophila, strategy has yielded a Bactrocera cry gene. Interaction with the cofactor FAD determines the light absorption the cycling we observed in Bactrocera shows higher transcript levels in the morning than at night, which is alspectra of CRY in mammals and plants (Lin et al. 1995) , and we note that the sequence of the FAD binding site most entirely opposite to the phase of per mRNA cycling in these organisms (Hardin et al. 1990; . is conserved in Bactrocera cry. CRY in mammals fails to manifest the DNA repair activity of photolyases (Kobay-
The lower level of cry mRNA cycling in the brain compared to antennae suggests that there may be reashi et al. 1998); however, the biochemical function of insect CRYs has not been directly tested and they may gions of the brain that display more pronounced rhythmicity, masked by higher levels of expression in other possess DNA repair activity.
As in other insects studied to date, only one copy of regions. We have established that cry is expressed in the antennal lobes, which are connected to the antennae. the cry gene is found in the two Bactrocera species (Family Tephritidae), whereas there are two cry genes in the Therefore, we hypothesize that cry mRNA oscillates with a substantial amplitude primarily in the antennal lobes genomes of human, mouse, and Arabidopsis. Comparing Bactrocera with other insects, the dipteran D. melaof the Bactrocera brain. Western blotting and density analysis of immunohistochemical data will ultimately nogaster and the lepidopteran Antheraea pernyi, the overall percentage identities of PER are 68.4 and 45.3%, provide a picture of the CRY protein expression profile. If the situation in Bactrocera is similar to that in Drorespectively , while those of CRY are 73.4 and 57.4%. It seems that CRY may be more conserved sophila, one would expect the protein to be abundant during the night and degrade during the day, regardless than PER during evolution.
Expression of circadian genes in the brain: Immunoof the extent of cry mRNA cycling, as Drosophila CRY is unstable in the presence of light (Emery et al. 1998 ). histochemistry of PER reveals staining of cells in the lateral and dorsal areas of the Bactrocera brain, similar
The protein interacts with both TIM (Ceriani et al. 1999) and PER (Rosato et al. 2001 ) in a light-dependent to the localization of PER in Drosophila (Siwiki et al. 1988) . In situ hybridization shows cells expressing cry manner, thus providing the light input to entrain the clock. mRNA in the dorsal and lateral areas of the Bactrocera brain, in a location similar to that of the PER expressing
The proportion of cry mRNA at its maximum level in the antennae is roughly 10% of that in the whole head cells and of the pacemaker neurons in the Drosophila brain. These results agree with those of Egan et al. (1999) , (data not shown). Therefore, cry must be expressed in other tissues of the head apart from brain and antennae. showing cry mRNA localized to lateral neurons in Drosophila brain, and with the results of Emery et al. (2000) The photoreceptor cells of the eye are likely sites of cry expression as this is the location of other clock composhowing cry promoter driven EGFP expression in the lateral and dorsal neurons of Drosophila. Not previously nents in Drosophila. Abundance of the cry transcript correlates with mating reported is the expression of cry in the antennal lobes. Specifically, these striking signals in the Bactrocera time: We found that cry transcript levels differ in the two Bactrocera species, being higher in the day-mating brain were localized to a cluster of cells at the periphery of the antennal lobes, a position consistent with the B. neohumeralis than in the dusk-mating B. tryoni. Strikingly, this effect is reproduced in the hybrid lines selocation of projection neurons in Drosophila, which send axons to higher brain centers such as the mushlected for day-and dusk-mating time. Thus a higher level of cry mRNA correlates with day-mating time and room bodies (Jefferis et al. 2001) , suggesting a function for cry in the processing of olfactory information.
suggests that regulation of cry gene expression has a role in the mating isolation mechanism. We do not know dian activity rhythm (Miyatake et al. 2002) . In D. melanogaster the per and tim genes control circadian rhythms whether the difference in cry mRNA regulation between the two species is a primary effect of the cry locus or of female mating activity (Sakai and Ishida 2001) and per controls characteristics of the species-specific courtwhether it is the downstream effect of another genetic locus. A third possibility is that the result in the hybrids ship songs of sibling Drosophila species (Wheeler et al. 1991) . Thus the endogenous circadian system has is due to genetic linkage of the cry gene or a regulator with a major locus that controls time of mating. Given an important role in regulating behavioral mechanisms that are important for reproductive isolation. No effect the interaction between light and mating time in the two species and the sensitivity of CRY protein to light, of per expression on time of mating was evident in the sibling Bactrocera species , but a role we favor the hypothesis that regulation of cry expression has a role in the response of the flies to light intensity.
for cry in the mating isolation mechanism is supported by the replication of cry expression differences in the Evidence for a direct effect of cry expression on mating time will require the knockdown of cry expression in pure species and the hybrid lines. The results suggest that small changes in circadian regulation represent a brain and antennae of day-mating flies.
The quantitative difference in cry mRNA between dayspeciation mechanism. and dusk-mating flies suggests the existence of a quanti- overexpression increases sensitivity to light (Emery et al. 1998; Lin et al. 1998 hours of exposure to light and when light levels are low.
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